Transgelin-2 (TAGLN2) is an actin-binding protein that controls actin stability and promotes T cell activation. TAGLN2 is also expressed on B-cells but its function in B-cells is unknown. We found that TAGLN2-expressing B-cells were localized in the germinal center (GC) of secondary lymphoid tissues and TAGLN2 mRNA was significantly upregulated after IgM +IgG stimulation in primary human B-cells, suggesting that TAGLN2 was upregulated upon B-cell activation. In support of this, lymph nodes (LNs) from patients with systemic lupus erythematosus (SLE), in which the intense GC activity have been recognized, showed increased TAGLN2 expression in B-cells compared to control LNs. Moreover, TAGLN2 + Bcells were distributed widely not only in the GC but also in the perifollicular areas in SLE LNs. In contrast, CD19 + B-cells and CD19 + CD27 + memory-B cells in peripheral blood of SLE patients showed no increase in TAGLN2 mRNA. Two-photon excitation microscopy of Raji cells demonstrated that TAGLN2 colocalized with F-actin and moved together to the periphery upon stimulation. TAGLN2-knockdown in Raji cells resulted in impaired phosphorylation of PLCγ2 leading to inhibition of cell migration. Microarray analysis of TAGLN2-knockdown Raji cells showed decreased expression of the genes associated with immune function including CCR6 and as well as of those associated with regulation of the actin cytoskeleton including ABI2, compared to controls. These results suggest that TAGLN2 might regulate activation and migration of B-cells, in particular, the entry of activated B-cells into the follicle. We also suggest that TAGLN2 could be used as a marker for activated B-cells.
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Introduction
Transgelin-2 (TAGLN2) is a member of the calponin family and has been characterized as a smooth muscle cytoskeletal protein. It may participate in the regulation of actin cytoskeleton dynamics [1] . The TAGLN family comprises three isoforms, and TAGLN2 is the only TAGLN present in leukocytes [2] . TAGLN2 is upregulated in colorectal cancer [3] and lung adenocarcinoma patient tissue samples [4] and may be involved in tumor development [5] . TAGLN2 expression is down-regulated in Barrett's adenocarcinoma patient tissue samples [6] . TAGLN2 has not been reported in association with inflammatory diseases. TAGLN2 in T-cells is critical for the regulation of T-cell activation through actin-mediated intracellular activation signaling and stabilization of the immunological synapse [2] . TAGLN2 has been found to be overexpressed in B-cell lines (Raji and MEC1) compared with myeloid and T-cell lines, which suggests that this protein may play a role in B-cell development [7] . Proteomic analysis indicated that TAGLN2 expression in peritoneal B-1 cells is over 60-fold that in splenic B-2 cells [8] . TAGLN2 expression is inducible in splenic B-2 cells, since TAGLN2 expression in B-2 cells was up-regulated to levels similar to those found in peritoneal B-1 cells by stimulation with mitogenic stimuli such as IgM and LPS for 48 h [8] . Cross-linking of surface IgM leads to association of the B-cell receptor (BCR) complex and tyrosine kinases with the cytoskeletal matrix and actin polymerization plays an essential role in B-cell activation [8] . Thus, TAGLN2 may be related to B-cell activation. A recent report showed that a deficiency of TAGLN2 (TAGLN2 -/-) in B-cells has little effect on B-cell development and activation [9] ; however, the role of TAGLN2 in B-cells is not well understood. High expression of TAGLN2 in B-1 cells suggests that TAGLN2 may be involved in immune diseases [8] . Systemic lupus erythematosus (SLE) is a prototypical autoimmune disease and is known to be associated with polyclonal B-cell hyperreactivity [10, 11] . Reactive follicular hyperplasia is considered to be the most frequent finding in the lymph nodes in SLE patients, which reflects intense germinal center (GC) activity [12] . Thus, in this study, the clinical relevance of TAGLN2 was examined in B-cells in SLE patients. Since secondary lymphoid organs (e.g., spleen and lymph node) other than the kidneys or skin are rarely studied in SLE patients [10, 11] , we examined lymph nodes associated with SLE to validate the TAGLN2 expression in B-cells in SLE.
Materials and methods
The pathology database in our institution contains 5 archives of biopsied formalin-fixed, paraffin-embedded lymph nodes from SLE patients with lymphadenopathy. Control lymph nodes that were biopsied to rule out malignancy and which turned out to be negative for tumor (n = 5), tonsils for tonsillectomy (n = 5), renal biopsies of lupus nephritis, class IV (n = 7), and kidney tissues from non-tumor areas taken at the time of resection for renal cell carcinoma (n = 5) were selected. The samples were taken at Kyoto University Hospital during the period from 2006 to 2015 and were stored in formalin-fixed paraffin-embedded blocks.
Immunofluorescent analysis of tissue samples
Double immunofluorescence staining of tissues was performed with anti-TAGLN2 (Thermo Fisher Scientific, Yokohama, Japan), and anti-CD20 (Clone L26, DakoCytomation, Glostrup, Denmark) or anti-CCR6 (GeneTex Inc. Irvine, CA, USA) antibodies and the signals were detected with the Opal 2-Plex Kit, Cyanine 5/Fluorescein (PerkinElmer, Inc. Waltham, MA, USA). Cell nuclei were visualized with DAPI (Dojindo, Kumamoto, Japan). Fluorescence imaging analysis was performed using the FSX100 Fluorescence Microscope (Olympus, Tokyo, Japan). 
Primary human B-cell simulation
The blood was obtained from 6 healthy donors. CD19 + B-cells were isolated from PBMCs using EasySep Human B Cell Enrichment Kit (STEMCELL Technologies, Vancouver, BC, Canada). Purified B-cells (1x10^5 cells) were maintained in 96-well cell culture plate in RPMI 1640 medium supplemented with 10% FBS (Invitrogen), 40 ng/mL IL-4 (PeproTech Inc., NJ, USA) and 10 μg/mL CD40L (PeproTech Inc., NJ, USA) in the presence or absence of antihuman IgM+IgG (eBioscience, San Diego, CA, USA). Total RNA was extracted from cell pellets using the RNAqueous-Micro Total RNA Isolation Kit (Thermo Fisher Scientific, MA, USA) and were incubated for 1, 6 and 24 hours. qRT-PCR reactions were performed in 384-well plates with TaqMan gene probes and primers designed by Life Technologies for TAGLN2 and three reference genes, RPS18 (assay ID: Hs01375212_g1), RPLP0 (assay ID: Hs00420895_gH) and YWHAZ (assay ID: Hs01122445_g1). These reactions were performed as described above. TAGLN2 mRNA expression was normalized to the mean of three reference genes using the 2-ΔΔCt method. Data are presented as fold change relative to expression levels of non-stimulated controls.
Patient consent and confidentiality
All sample collection and use of clinical records were performed under the written consent of study participants, and the study was conducted according to the principles expressed in the Declaration of Helsinki. The Ethics Committee of Kyoto University approved this study (Nos. R0305-1, G520).
RNA interference
Raji B-cells (RCB3673) were provided by the RIKEN BioResource Center (Tsukuba, Ibaraki, Japan) through the National Bio-Resource Project of the MEXT, Japan and were maintained in RPMI 1640 medium supplemented with 10% FBS (Gibco, Thermo Fisher Scientific). Transient transfection of Raji cells was performed using the Amaxa Cell Line Nucleofector Kit V (Lonza, Basel, Switzerland). Cells (2 x 10^6) were resuspended with siRNA targeting TAGLN2 (SR305508; 3 unique 27-mer siRNA duplexes; OriGene Technologies, Rockville, MD, USA) or a scrambled negative control siRNA in 100 μL of electroporation buffer, followed by electroporation with the Nucleofector™ 2b Device (Lonza).
Immunoblotting
Raji cells were lysed in ice-cold RIPA Buffer (Nakalai tesque, Kyoto, Japan) for 1 h on ice. Cell lysates were centrifuged at 10,000 g for 10 min at 4˚C and the supernatant was eluted with SDS sample buffer and heated for 5 min. The proteins were separated through 10-12% SDS-PAGE gels and transferred to a nitrocellulose membrane (BIO-RAD, Hercules, CA, USA). The membrane was blotted with antibodies against the following proteins: TAGLN2, PLCγ2 (CST, Danvers, MA, USA), phospho-PLCγ2 (Tyr759) (CST), Akt1/2 (Santa Cruz Biotechnology, Dallas, TX, USA), phospho-Akt (Ser473) (CST), p-ERK (Tyr204) (Santa Cruz Biotechnology), p44/42 MAPK (Erk1/2) (CST), PI3 kinase p85α (CST), phospho-PI3 kinase p85(Tyr485)/p55(Tyr199) (CST) and beta-actin (Abcam, Cambridge, UK). All antibodies used were anti-human rabbit polyclonal antibodies except for the anti-p-ERK and anti-beta-actin antibodies, which were anti-human mouse monoclonal antibodies. Goat anti-rabbit or mouse IgG-HRP (Santa Cruz Biotechnology) were used as secondary antibodies. The signals were visualized with ChemiLumi One Super (Nakarai tesque, Kyoto, Japan), and images were obtained using Ez-Capture MG (Daihan Scientific Co., Ltd., Gangwon-do, South Korea). Visualized bands were analyzed using the CS Analyzer (Atto Corporation, Tokyo, Japan).
Migration assay
Since Raji cells express CXCR5 [13] , which plays a role in B-cell migration, we assayed the migration of a cell suspension of Raji cells transduced with TAGLN2-specific siRNA (OriGene) or a scrambled negative control siRNA for 24 h. The cells, suspended in RPMI1640 containing 1% FBS, were loaded into the upper chamber of the CytoSelect™ 24-Well Cell Migration Assay (Cell Biolabs, Inc. San Diego, CA, USA) and were cultured for 4 h. Cells migrating into the lower chamber, which contained RPMI1640 plus 1% FBS with 750 ng/mL of recombinant CXCL13 (CXCR5 ligand; Biolegend, San Diego, CA, USA) were lysed and quantified using the CyQuant GR Fluorescent Dye and a fluorescence plate reader at 480 nm/520 nm (Infinite F200, TECAN, Tecan Japan, Kanagawa).
Detection of cell surface proteins
For the analysis of surface CXCR5 and IgM expression levels, siRNA transfected cells were recovered and stained with FITC-labelled anti-CXCR5 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) and biotin-labelled anti-IgM antibody (Abcam) in combination with streptavidin-APC (eBioscience) according to the manufacturers' instructions. Stained cells were then analyzed by a flow cytometer (FACSCalibur, BD Biosciences, San Jose, CA, USA).
Intravital imaging of Raji cells in vitro
Raji cells were transiently transfected with 2 μg of an expression plasmid encoding GFP-tagged TAGLN2 (OriGene) and LifeAct-TagRFP (ibidi, Martinsried, Germany) using the Amaxa Cell Line Nucleofector Kit V (Lonza). For the preparation of cell images, cells 24 h after transfection were placed on a 35-mm glass dish with medium containing liquid collagen (Cellmatrix type 1-A, Nitta Gelatin Inc.), RPMI 1640, HEPES, NaHCO3, and NaOH (5 x 10^6 cells/ mL). In these experiments, the cells were stimulated with 10 μg/ mL F(ab') anti-human IgM + IgG (eBioscience). Imaging data were acquired using an Incubator Fluorescence Microscope equipped with a multi-photon laser scanning system (LCV110 and FV1200MPE, Olympus) with a 25 x 1.05 NA water-immersion objective (XLPLNWMP, Olympus) and FV-10ASW software (Olympus). Fluorescence excitation was performed with a pulsed laser (InSight™ DeepSee™, Spectra Physics). The cells were kept at 37˚C in 5% CO2 during the experiments. XYZT scanning data were acquired at 1.0-μm intervals in the Z-dimension and by Free Run in the T-dimension. Figures were processed using an open source Java image processing program, ImageJ (https://imagej.net/Welcome).
Microarray analysis
Total RNA was isolated from Raji cells using the RNeasy Mini Kit (QIAGEN, Tokyo, Japan) following the manufacturer's instructions. Amplified sense-strand cDNAs were generated, fragmented and labeled using the GeneChip1 WT PLUS Reagent Kit (Thermo Fisher Scientific K.K., Kanagawa, Japan), and then were hybridized to the Affimetrix1 Gene chip1 Human Gene 2.0 ST Array (Thermo Fisher Scientific K.K.) for 16 h at 45˚C according to the manufacturer's instructions. The hybridized arrays were washed and scanned using Gene chip1 Scanner 30007G. Miroarray data was analyzed to identify genes whose expression differed by <0.75-fold from the control. These differently expressed genes were classified according to their gene annotation for pathway analysis using the software, Microarray Data Analysis Tool Ver3.2. (Filgen, Inc., Aichi, Japan). To validate the microarray analysis data, qRT-PCR was performed to check the expression of some genes, using the following forward and reverse primers: 
Statistical analysis
Statistical analyses were performed using Graphpad Prism 6 (MDF Co., Ltd., Tokyo, Japan). Unpaired and Paired Student's t-test, or the Mann-Whitney U test were used. Data are presented as the means with standard error of the mean (SEM). A p-value <0.05 was considered to be statistically significant.
Results

TAGLN2 is expressed on B-cells in the GC and TAGLN2 mRNA in Bcells is induced upon BCR stimulation
TAGLN2
+ cells were observed in the GC in human tonsils, shown as transcription factor Bcl-6-positive areas ( Fig 1A) [14] , and in paracortical T-cell areas. TAGLN2 was co-localized with CD20 + B-cells in GC (Fig 1B) . Since the histological observation suggested that TAGLN2 may be induced on activated B cells, primary B-cells from healthy donors were stimulated with IgM +IgG. Fig 1C shows TAGLN2 mRNA expression, which is indicated as the ratio of its expression in stimulated B-cells to in non-stimulated B-cells, at the indicated time points. The mean of this TAGLN2 mRNA expression ratio was 0.93-fold at 1 h, 1.09-fold at 6 h, and 2.85-fold at 24 h after stimulation, suggesting that TAGLN2 mRNA was induced by 24 h B-cell activation (p<0.05, paired t-test vs. non-stimulated control). These data suggested that TAGLN2 was highly expressed on activated B-cells after BCR stimulation in GC in secondary lymphoid tissues.
A large number of TAGLN2 + B-cells are observed in lymph nodes and kidneys of SLE patients
Since an intense GC activity has been recognized in SLE lymphadenopathy [12] , the clinical relevance of TAGLN2 was examined in lymph node samples and peripheral blood B-cells in SLE patients. TAGLN2 (Fig 2A and 2B ). Upon quantification, there was a significantly higher number of TAGLN2 + B-cells in SLE than in controls (p<0.05) (Fig 2C) . In lupus nephritis (n = 7), 12 ± 3% (the mean ± SEM) of CD20 Table. TAGLN2 moves together with F-actin upon BCR stimulation
Next we examined the movement of TAGLN2 using live cell imaging of TAGLN2 and F-actin during B-cell activation. TAGLN2 co-localized with F-actin circumferential rings during BCR activation in Raji cells. Raji cells that were transiently transfected with the F-actin binding Life-Act-RFP probe and GFP-tagged TAGLN2 were stimulated with IgM+IgG and the cellular localization of these proteins was analyzed over 18 min of stimulation using immunofluorescence. The raw image data were processed by a Gaussian filter. Representative images at Concatenated images taken before and after stimulation are shown in S1 Video and S2 Video, respectively. The circumferential rings which have been reported to be a rearrangement of F-actin in B-cells [15] were observed to increase in thickness from time 0 up to approximately 13 min after stimulation and subsequently to get thinner, based on the intensity of the RFP signal. TAGLN2-GFP co-localized with these Factin circumferential rings and the GFP signal intensity increased and decreased along with the changes in the RFP signal intensity.
TAGLN2 knockdown leads to diminished phosphorylated PLCγ2, which is related to actin-linked signaling pathways
The actin cytoskeleton plays critical roles in both the initiation and regulation of BCR signaling [16, 17] . To determine if TAGLN2 plays a role in actin cytoskeleton regulation in B-cell activation, Raji cells were transfected with scrambled or TAGLN2 siRNA for 24 h and were then stimulated with10 μg/μL F(ab') anti-human IgM+IgG for 10 min. As shown in the immunoblots in Fig 4A, there was impaired phosphorylation of PLCγ2 that has been related to actinlinked signaling pathways [16] after IgM+IgG stimulation in TAGLN2-knockdown (KD) Raji cells compared to control cells. This result suggested that TAGLN2 may be an important actin regulator in B-cells. TAGLN2 KD did not affect the levels of phosphorylated or total PI3K, ERK or Akt (Fig 4B) .
Because TAGLN2 KD in human breast cancer cells inhibited their migration and invasion [18] , we performed the migration assay to examine whether TAGLN2 has a role of B cell migration. In the migration assay, fewer TAGLN2 KD cells migrated to the lower chamber in a CXCL13-dependent manner than negative control cells (p<0.05), suggesting that TAGLN2 may have a role in cell migration (Fig 4C) . TAGLN2 KD did not change the expression levels of the cell surface molecules CXCR5 or BCR as determined by flow cytometry (Fig 4D) .
TAGLN2 is associated with the functional gene groups of the immune system including CCR6 and the regulation of the actin cytoskeleton Next we tested whether TAGLN2 KD affected intracellular BCR signaling events that were related to actin-linked signaling pathways. We compared the mRNA expression profiles of control cells and of Raji TAGLN2 KD cells transfected with TAGLN2 siRNA, following stimulation with IgM+IgG for 2 min, using Affymetrix microarray technology. This analysis showed a decrease in functional groups of the immune system in TAGLN2 KD cells compared to the control (Table 1) . Among the functional groupings of genes associated with the immune system, the chemokine (C_C motif) receptor 6 (CCR6) was chosen for further analysis because of its role in optimal GC reaction of activated B-cells [19, 20] (Table 2) . Abl-interactor 2 (ABI2) and myosin light chain kinase 3 (MLCK3), which are in the pathway of the regulation of the actin cytoskeleton, and protein phosphatase 3, regulatory subunit B, beta (PPP3R2), which is a downstream signaling molecule in the PLCγ-Ca2+-calcineurin pathway upon BCR signaling [21] (Table 3) , were also selected and their expression in TAGLN2-knockdown and control Raji cells was validated using qRT-PCR (Fig 5A) . Immunofluorescence staining showed colocalization of TAGLN2 and CCR6 in the area of GC in the enlarged follicles of lymph nodes in SLE and tonsils, suggesting that both proteins were expressed on activated B-cells (Fig 5B) .
Discussion
The actin cytoskeleton is an important factor in the regulation of BCR activation [16, 17] . Actin acts as a scaffold for the clustering of proteins, drives their centripetal translocation and organizes these microclusters to different domains to form the immunological synapse [22] . TAGLN2 is an actin-binding protein that stabilizes F-actin [2] . In our imaging studies, F-actin and TAGLN2 colocalized in Raji cells and both proteins were depleted from the central area of the cell, and they moved to the cell periphery together, after stimulation. The cell central area is where BCR microclusters may accumulate to form a mature immunological synapse. TAGLN2 KD attenuated actin-linked signaling pathways that involve phosphorylated PLCγ2 in Raji cells, and this effect is probably associated with an unstable actin structure at the immunological synapse [2] . This role of TAGLN2 in actin-linked signaling pathways may also be connected to the observed down-regulation of CCR6 in stimulated TAGLN2 KD Raji cells compared to stimulated control cells. CCR6 is expressed at a high level in activated B-cells that enter into the follicle and interact with T-cells, leading to an optimal GC response and highaffinity antibody production [19, 20] , which suggests that TAGLN2 may enhance B-cell activation. CCR6 is also essential for appropriate anatomical positioning of memory B-cells and for the ability of memory B-cells to be recalled to their cognate antigens [23] . Another gene that is down regulated in stimulated TAGLN2 KD Raji cells compared to stimulated control cells was PPP3R2. This gene encodes calcineurin B, which is the regulatory subunit of calcineurin [24] , and is a downstream signaling molecule in the PLCγ-Ca2+-calcineurin pathway upon BCR signaling [21] . PP3R2 activates NFAT and NFAT function depends on actin [21, 25] . Of particular interest in terms of the present study is the fact that the calcineurin inhibitors have been widely used as immunosuppressive agents in transplantation and have been used as potential therapeutic agents in patients with lupus nephritis [26, 27] .
Actin polymerization and depolymerization are regulated by accessory proteins including Arp2/3, WASp, WAVE, and cofilin [16] . TAGLN2 competes with cofilin for binding to Factin and blocks cofilin-mediated depolymerization in T-cells [2] . Down-regulation of MLCK3 Table 1 . Pathway analysis of microarray data. Functional grouping of significant, differentially expressed down regulated genes in TAGLN2 siRNA Raji cells versus the control (p<0.01).
Pathway Name
Changed Genes
P-value
Signaling by GPCR 78 0.000002 Transgelin-2 in B-cells in SLE and ABI2 in TAGLN2 KD cells versus control cells was observed by microarray analysis. Abl interactor 2 recruits the WAVE2 regulatory complex to the plasma membrane and promotes actin polymerization and immunological synapse formation in T-cells [28] or in human cytomegalovirus-specific immune responses [29] . A previous report showed that TAGLN2 directly regulates myosin light chain phosphorylation and its total expression in endothelial cells [30] . Myosin light chain phosphorylation is mediated by myosin light chain kinase. Consistent with these reports, the migration of TAGLN2 KD cells was inhibited versus control cells in a migration assay in our study. The overexpression of TAGLN2 in various malignant tumors and its enhancement of tumor migration and invasion have been reported [3, 4, 5, 18] . These data suggest that TAGLN2 may be involved in actin-myosin contraction and cell migration in B-cells. The combined T-and B-cell abnormalities in SLE result in the production of pathogenic autoantibodies. The pathogenic B-cell autoantibodies are high-affinity, somatically mutated and Ig-switched, which are the products of GC responses [10, 11] . It was previously reported that members of the mitogen activated protein kinase family (MAPKs) were elevated in Transgelin-2 in B-cells in SLE peripheral B-cells from SLE patients [31] . Increased phospho-Akt in SLE B-cells after B-cell ligation has also been reported [32] . These findings suggest inflammation-mediated hyperactivity of B-cells in SLE. Active SLE shows over-reactive T-cell-dependent GC reactions that produce expanded and largely unregulated numbers of memory B-cells and plasma cells [10] . Reactive follicular hyperplasia is the most frequent finding in the lymph node in SLE patients, which reflects intense GC activity [12] . TAGLN2 + B-cells were distributed from the follicular/ GC to perifollicular areas, where activated GC B-cells and memory B-cells, respectively, are located [19, 20] . CCR6 has been shown to be important for antigen-driven B-cell differentiation, which is seen in GC B-cells and memory B-cells [19, 20] , and the colocalization of TAGLN2 and CCR6 from the area of the GC to the perifollicular area was observed in SLE lymphadenopathy. TAGLN2 expressed in activated B-cells was localized from follicular/GC areas to perifollicular areas in secondary lymphoid tissues in SLE. Our study of primary healthy B-cell cultures confirmed that TAGLN2 mRNA can be induced by IgM+IgG stimulation within 24 h. Following B-cell activation through the BCR, activated B-cells can enter the Transgelin-2 in B-cells in SLE GC and differentiate into plasma cells or memory B-cells [17] . There was an increase in TAGLN2 expression in B-cells in the kidney in SLE patients, where ectopic lymphoid structures are found at sites of chronic inflammation [33] . In target organs including kidneys in SLE, organized accumulations of T-and B-cells resembles secondary lymphoid organs and generate autoreactive antibodies [33] , although the renal biopsy specimens were too small to assess the structures in our study. However, TAGLN2 mRNA expression in peripheral blood Although data were unavailable for CD69 expression, the early activation marker of B-cells, to assess the activation state of B-cells in our study [17] , our results suggested that the expression levels of TAGLN2 might decrease after activated B-cells differentiate into plasma cells and memory B-cells and enter the peripheral circulation. However, there is a possibility that the fact that our patients were given steroid might have had an undesirable influence on the results of peripheral B-cells.
In conclusion, TAGLN2 induced the formation of the actin cytoskeleton and TAGLN2 + Bcells were distributed from the germinal center to perifollicular areas, which reflected activated B-cells in SLE with intense GC formation. TAGLN2 may regulate B-cell activation in secondary lymphoid tissues and could be used as a marker for activated B-cells. and the controls (n = 9) was 71 ± 7.3% and 55 ± 2.6%, respectively ( Ã p<0.05). (TIF) S1 
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